Abstract-We propose to compress a high-energy, picosecond long-wave infrared (LWIR) pulse in the plasma using backward Raman amplification (BRA). The apparatus is in a counterpropagating geometry that employs a 3 J, 3 ps CO2 laser pulse as the pump, and a microjoule, broadband femtosecond source as the seed. Simulations show that the amplified pulse can reach ~ 5 TW with a pulse duration of ~ 100 fs. Compared with earlier near-infrared BRA experiments, the proposed configuration uses a significantly shorter pump pulse duration, which may reduce limiting factors such as ion motions and Raman forward scattering. The experiment will be carried out at Accelerator Test Facility at Brookhaven National Laboratory.
I. INTRODUCTION
Femtosecond solid-state lasers with peak powers up to 10 petawatt have contributed to significant progress in the science of high-intensity laser interactions with materials. Owing to the great success of Ti:Sapphire-and neodymium-based technologies, most research to date is conducted in the nearinfrared (near-IR) wavelengths, especially in the range of 0.7 -1.1 μm. Recently, there is a growing interest from various research fields, such as nonlinear propagation [1] , strong-field physics [2] , high-harmonic generation [3] , and laser-plasmabased particle acceleration [4, 5] , to extend experimental studies to longer wavelengths. By employing the second order optical nonlinearity χ (2) , femtosecond mid-infrared (mid-IR) pulses can be obtained from frequency down-shifting ultrafast near-IR sources. However, the conversion becomes less efficient when pushing toward longer wavelengths. For example, to date the highest power achieved with femtosecond optical parametric chirped-pulse amplification (OPCPA) is ~ 200 GW with an energy of ~ 20 mJ at λ = 3.9 µm [1] . On the other hand, the carbon dioxide (CO2) laser is capable of highenergy output at λ ~ 10 µm while the gain bandwidth is not adequate for amplifying short pulses. With the aid of field broadening, pressure broadening [6, 7] , and isotopic CO2 molecules [7] , rovibrational transition lines can be broadened and merged to support picosecond pulse durations. To further increase the peak power, it was proposed to use nonlinear broadening to compress the pulse duration to ~ 100 fs [8] . Here we propose another method to produce high power, femtosecond long-wave infrared (LWIR) pulses using backward Raman amplification (BRA) [9] in the plasma.
II. BACKWARD RAMAN AMPLIFICATION
The apparatus of backward Raman amplification consists of a low-energy, femtosecond seed pulse at frequency ωseed, and a high-energy, long-duration, counter-propagating pump pulse at frequency ωpump in the plasma. When the laser frequencies match the condition ωpump -ωseed = ωp, where ωp is the plasma frequency, density oscillations can be resonantly driven in the plasma, along with energy transfer from pump to seed. BRA is promising for generating ultra-intense laser pulses with no damage threshold. Earlier experiments (for example, [10] - [13] ) have demonstrated amplifications up to ~ mJ level with the maximum gain factor ~ 10 3 . However, the best energy conversion efficiency achieved is only ~ 6% [13] , which is significantly lower than the throughput of the grating-based pulse compressor in a typical chirped-pulse amplification (CPA) laser system. In a more recent experiment, backward Raman signals grow from noise until reaching 10% of a 50 J pump energy [14] . Possible causes of limited BRA efficiency may include Raman and Brillouin instabilities [15, 16] , collisional damping [17] , and wavebreaking [18] of plasma oscillations, laser filamentation in the plasma [15] , and nonuniform plasma density.
In our proposed BRA scheme shown in Fig. 1 , a 3 J, 3 ps pump pulse with λ = 10 μm overlaps with a ~ 100 fs, μJ-level, broadband LWIR seed pulse in a 1-mm-long plasma with a density ne = 10 18 cm −3
. As shown later in Section III, the amplified femtosecond pulse may reach multiple terawatts at λ = 15 μm. To our best knowledge, BRA at this wavelength has never been demonstrated. All previous experimental studies were conducted in the near-IR (~ 0.8 -1 μm) regime. Another key difference is that the pump pulse duration is significantly shorter than that used in earlier experimental works (~ 10 ps -1 ns), which could reduce the impact of ion motion and limit the parasitic instabilities growing from noise. Note that in earlier studies, BRA is viewed as a path to extreme laser power beyond the limitation of grating damage. Here we seek to produce ultrashort, high power LWIR pulses with the BRA mechanism, which cannot be achieved by any other known method.
III. SIMULATIONS
We carried out relativistic cold fluid simulations in one dimension (1D), 2D, and 3D under the turboWAVE framework [19] to study BRA and to find appropriate experimental parameters for efficient amplification and compression leading to a few TW with femtosecond durations. In contrast to the particle-in-cell (PIC) simulation, the fluid model does not capture kinetic effects but it includes Coulomb collisions, which contribute to collisional damping of plasma oscillations. Fig. 2 shows the instantaneous intensity before, during, and after the pump-seed interaction in a 1-mm-long plasma. It can be seen that almost 50% of the pump energy is backscattered from the plasma, and the main signal peak contains ~ 0.7 J of energy, with a ~ 150 fs pulse duration and a ~ 5 TW peak power. The simulation parameters are detailed in Table I . To examine the influence of multi-dimensional effects such as relativistic self-focusing, we also performed 2D and 3D fluid simulations with the same input parameters and the results are similar to the 1D case, owing to sufficiently large BRA gain over the relatively short interaction length.
In fluid simulations of plasmas, ions are treated as immobile. However, for picosecond or longer time scales, such assumption is usually not valid. As a preliminary study, we also ran a 1D PIC simulation that enables ion motion, assuming a hydrogen plasma as the worst-case scenario. Ion density perturbations are observed, but appear to have no significant effect on BRA. For further numerical investigations, we will incorporate collisions into turboWAVE PIC model. This was suggested by a recent study from our group that collisions in the plasma may be an important loss mechanism in the strongly saturated limit [17] , which is required for high-efficient BRA.
IV. PROPOSED EXPERIMENT
The proposed experimental apparatus is shown in Fig. 3 . The experiment will be conducted in the Accelerator Test Facility (ATF) at Brookhaven National Laboratory with its multi-joule, ~ 2 -3 ps CO2 laser as the pump. Since the Rayleigh range is much longer than the required interaction that is uniform over a ~ 1 mm 3 interaction volume. Several schemes are currently under consideration, including the "plasma vortex" device proposed by our group [20] . To examine the effect of an axially non-uniform plasma density, we carried out several 1D simulations with different axial plasma density ramps, and amplified signal energies and pulse durations are shown in Fig. 4a and Fig. 4b , respectively. We are currently studying the effect of the non-uniform radial density on BRA. These efforts will provide the guidance for development of the plasma source.
The femtosecond, broadband long-wavelength seed will be produced by collinearly focusing a Ti:Sapphire laser pulse and its second harmonic in air. Electrons generated from tunneling ionization produce an overall drift current due to the broken symmetry of the two-color field. This drift current drives broadband, long-wavelength radiation, and the maximum efficiency occurs when the two laser frequencies are 90˚ out of phase [21] . The technique was originally developed for ultrafast terahertz applications, however a recent measurement shows that the spectral range may extend to ~ 20 THz (λ = 15 µm) [22] . In addition, [22] experimentally shows that the produced energy ranges from ~ 1 µJ to ~ 100 µJ when the input laser energy varies from 10 mJ to 1 J. The spectral and energy properties of the femtosecond two-color terahertz generation may make it suitable for seeding long-wavelength BRA, eliminating the need of high-cost sources based on optical parametric amplification (OPA) and/or difference frequency generation. Simulations show that with our pump and plasma parameters, BRA is relatively insensitive to the seed energy variation over 4 orders of magnitude, in terms of the amplified signal energy and duration as shown in Fig. 5a and Fig. 5b , respectively. Developing the seed source, including constructing a terawatt, femtosecond Ti:Sapphire laser at ATF, will be another major task.
V. CONCLUSIONS
We propose generation of high-power femtosecond laser pulses in LWIR regime using BRA pumped by a high-energy, picosecond CO2 laser. The femtosecond, microjoule, longwavelength seed will be produced by two-color terahertz generation with a Ti:Sapphire laser. Due to the relatively short (~ 3 ps) pump pulse, parasitic processes that plagued earlier BRA experiments in the near-IR may be less of a concern. Preliminary simulations show that multi-terawatt peak powers may be reached with a compression factor of ~ 20. The effect of plasma non-uniformity on BRA is also examined, which may serve as the guidance in the development of the plasma source. For further numerical investigations, we will extend our PIC capability to include Coulomb collisions, which may be an important limiting factor of BRA. 
